The modeling of transport phenomena between homogeneous regions requires the derivation of jump boundary conditions. These conditions account for the rapid spatial variations of the transport properties taking place near the dividing surface of the media. There has been a long debate in the literature about whether the discontinuity should apply to the fields (e.g., velocity, temperature, concentration) or to their fluxes. In this work, a general methodology giving rise to jump conditions for both the fields and the fluxes is proposed. This method, besides using a microscopic closure, introduces macroscopic deviation fields that lead to closure schemes for both jump conditions. The methodology is applied first to the diffusive mass transport of a passive solute between a porous medium and a plain fluid and second to the classical problem of momentum transport in a channel partially filled with a porous medium. In both cases, it is required to account for the spatial variations of effective transport coefficients as well as the width and position where the jump conditions must be satisfied. One attractive feature of this methodology is related to its ability to provide the necessary length-scale constraints under which the jump conditions can be applied.
INTRODUCTION
The macroscopic description of transport phenomena at the boundary between homogeneous media can be performed using two distinctive approaches ( Fig. 1): a) The one domain approach (ODA) , where the whole system is viewed as a pseudocontinuum. This approach involves effective medium equations with positiondependent coefficients (within the interregion) and does not require the specification of jump conditions at the dividing surface. b) The two-domain approach (TDA) , where the system is composed by at least two homogeneous regions separated by a dividing surface, which replaces the interregion. This approach requires appropriate jump conditions. Usually, the derivation of these jump boundary conditions, using the volume averaging method, essentially concerns the fluxes, continuity of the fields being assumed. The justification of this last assumption is based on the idea that volumeaveraged quantities should be continuous at the dividing surface. However, the validity of this idea has rarely been addressed in the literature. Actually, a more general approach is to derive jump conditions for both the flux and the fields and find the conditions that lead to continuity. In this work, we present a methodology that leads to jump boundary conditions for the fields of a given property. It should be stressed that the philosophy behind the flux jump conditions consists on satisfying the difference between the equations of the one-and two-domain approaches on the average in the inter-region. Our approach follows, in part, the philosophy used for the flux jump conditions, i.e., we impose that the average of the difference between the fields of the one-and twodomain models be zero. This is achieved by deriving and solving a macroscale closure problem that allows computing the differences of the oneand two-domain approaches everywhere in the inter-region. Furthermore, the results of the macroscopic closure permit closing both the field and flux jump conditions. The results of this work are relevant since they provide a methodology for deriving complete and closed boundary value problems for transport in multiscale systems. 
NOMENCLATURE

GENERAL METHODOLOGY
In this section we outline the key steps of the methodology that leads to closed jump conditions for the fields. Let us consider a system composed of a homogeneous fluid phase (the γ-phase) that flows (above and through) a homogeneous and rigid porous medium (Beavers and Joseph [1] ; BJ from this point on). Let be a continuous quantity defined everywhere in the fluid-phase and its governing equation at the microscale be given by p ψ γ
where is a linear differential operator and f is a given function. The upscaling of Eq. (1) is obtained by introducing a support averaging domain, V to obtain [7] 
where is also a linear differential operator, whose dimension is equal (or smaller) than that of . It is worth noting that involves position-dependent effective coefficients. In addition, represents the intrinsic average of . In the derivation of this result we have only imposed that the characteristic length of the averaging domain be much larger than the characteristic length of the microscale (i.e., the pore diameter). In order to use Eq. (2), it is necessary to determine the spatial variations of the effective coefficients. This has been done by solving the associated closure problems in the inter-region (c.f. [4] and [5] ). Eq. (2) constitutes the one-domain approach. Moreover, in the homogeneous portions of the system, the effective coefficients become constants; hence Eq. (2) can be expressed as
, in the homogeneous λ-region (3) Notice that there are as many Eqs. (3) as the number of homogeneous regions in the system. It should be emphasized that Eqs. (3) are bounded by the imposition of length-scale constraints, which are not satisfied in the inter-region. Therefore, it is necessary to derive jump conditions at the dividing surface that overcome this issue. The first step towards deriving the field jump condition consists in introducing the macroscopic deviation variables as
According to this definition, one may obtain the governing equations for by subtracting Eqs. (2) and (3). The solution domain of the resulting equations corresponds to the one illustrated in Fig.  1 
In this way, we may impose that
Furthermore, since the fields (and fluxes) from the one-domain approach satisfy continuity conditions, it follows that at the dividing surface
which complete the statement of the macroscopic closure problem. In addition, we impose the following average constraint
The formal solution of the macroscopic problem can be written as
where the s and b coefficients are macroscopic closure variables, that can be computed in the solution domain sketched in Fig. 1 . Notice that these solutions are considerably simpler to obtain than those at the smaller levels of scale because the effects of the local geometry are already taken into account in the effective medium coefficients of Eqs.
(2) and (3). In obtaining Eqs. (9) and (10), we have assumed that the thickness is much smaller than the characteristic length associated to the macroscale. Substitution of Eqs. (9) and (10) where the coefficients h, , , , and can be obtained from the fields of the macroscopic closure variables. In this way, the two-domain approach is given by Eqs. (3) subject to the boundary conditions given by Eqs. (11) and (12). In the following paragraphs we illustrate how this methodology can be applied to passive diffusion and momentum transport between a porous medium and a homogeneous fluid.
PASSIVE DIFFUSION
Let us consider the process of mass diffusion of a passive solute (species A) near the dividing surface between a porous medium (region-ω) and a fluid (region-η). For the sake of simplicity, we assume that the porous medium is saturated with the same fluid that flows outside of it. The effective medium equations that govern the transport of species A at the bulk of each homogeneous regions (TDA) are:
In the homogeneous ω-region:
In the homogeneous η-region:
where D η = D γ I . In addition, the generalized transport equation (GTE) is given by
In writing Eqs. (13) and (14) we have assumed that the volume fraction of the γ-phase is constant in the homogeneous regions. Following the methodology outlined in the first Section, it is necessary to pose and solve the associated macroscopic closure problem. Therefore, according to Eq. (4), let us introduce the macroscopic deviation concentration in each λ-region as follows
This definition suggests that the governing equations for the macroscopic deviations can be obtained by subtracting the GTE and the TDA. In order to simplify the problem, let us consider steady and unidirectional average transport, so that the resulting expression can be written as follows 
In this expression, and indicate the limits of the zone of drastic changes of , which is different from the zone of drastic changes of average properties (i.e., the inter-region) as depicted in Fig. 1 ĉ Aω = 0, at y = − y ω (22) which are based on the assumption that outside this domain, the differences between the results from the GTE and the TDA are negligible. The formal solution of the macroscopic closure problem is given by
The concentration jump condition arises from the average constraint 
where, the effective jump coefficients and are given by
here, for the sake of simplicity, we introduced
Eqs. (26)- (28) clearly show that the jump coefficients depend of the spatial variations of the porosity and the effective diffusion coefficient. To obtain the jump condition for the concentration flux, we follow the methodology by OTW. For the sake of briefness in presentation, we skip the details of the derivation and present the result as follows
To obtain this result it was not necessary to involve the results in Eq. (25). Therefore, the two domain approach consists of the differential equations (13) and (14), which are coupled at the dividing surface by Eqs. (25) and (29). Despite the simplicity of this problem, it is illustrative to notice that with the approach presented in Section 1, our analysis leads to a jump condition for the concentration fields, the concentration flux remaining continuous at the dividing surface. Indeed, these results break the tendency of the derivations presented in previous works [2] - [6] where a jump condition is proposed for the flux, while imposing continuity of the fields. However, it should be stressed that Eq. (29) was obtained because steady-state diffusion was considered in the analysis near the boundary. In previous works, adsorption and chemical reactions have been shown to lead to discontinuities in the flux [3] , [6] . In this case, Eq. (29) is simply a reminder that the flux is conserved at the dividing surface.
MOMENTUM TRANSPORT
The second example to be analyzed in this work corresponds to the classical problem studied by BJ. In this case the TDA is given by Stokes and DarcyBrinkman equations, i.e.,
(31) and the GTE is (32) which involves position-dependent coefficients; recently Valdés-Parada et al. [5] computed the spatial variations of the permeability coefficient under several conditions. Notice that Eq. (32) reduces to Eqs. (30) and (31) in the homogeneous regions. It is worth mentioning that in the derivation of the stress jump condition by OTW, the continuity of the superficial average velocity was imposed. This has a direct effect in the final structure of the stress jump condition. However, in our approach it is possible to first derive a jump condition for the velocity, without involving the stress jump condition. Secondly, with this result, we can revisit the derivation of the stress jump condition in order to derive a more general result. The derivation of the macroscopic closure problem requires the introduction of the following deviation quantities:
Note here that the macroscopic pressure deviation is based on the difference of intrinsic average while the superficial averages are used for the velocity.
Obviously other alternatives can be proposed. Following the methodology outlined in the first Section, the governing equations for the macroscopic deviations can be summarized as follows:
where
From Eq. (35) we note that the sources of deviations are due to both the average velocity and its gradient. The boundary conditions for the closure problem are similar to those presented above [see Eqs. (5)- (7)]. The formal solution of the macroscopic closure problem is
The average constraint is, in this case, given by
Substitution of Eqs. (37) and (38) into Eq. (39) leads to the following jump condition for the tangential (to the dividing surface) component of the velocity
where the jump coefficients h, and are functions of the closure variables in Eqs. (37) and (38). Finally, following OTW's approach, the stress jump condition is found to be
In the above equation, , and are jump coefficients that can be computed from the solution of the macroscopic closure problem. It should be noticed that the continuity condition of the velocity was not invoked. However, a similar result to the one originally presented by OTW can indeed be obtained by replacing in Eq. (41) (40) to recover an equation that has the same structure as the one proposed by BJ. Care must be taken in the interpretation of this result, since the derivation of the boundary condition by BJ involves the use of Darcy's law and not Darcy-Brinkman equation for the porous medium. Therefore, when we say that the result can have a similar structure as the one by BJ, we are by no means implying that it has the same physical meaning.
CONCLUSIONS
In this work we have proposed a methodology for the derivation of jump conditions for the fields of average properties. This type of jump condition, together with the flux boundary condition, completes the two-domain formulation. These conditions are expressed in terms of effective coefficients. The computation of the jump coefficients consists of a closure scheme at two levels of scale. The first level of closure consists on computing the spatial variations of effective coefficients in the GTE. The second level of closure deals with the solution of a macroscopic closure problem for the deviations between the GTE and the TDA. This methodology was applied to passive diffusion and to momentum transport between a porous medium and a fluid. In the first case the analysis leads to a jump condition for the concentration and continuity for the flux. For momentum transport, jump conditions for both the velocity and the stress have been obtained. Under certain assumptions, these boundary conditions can be shown to give rise to the results by BJ or by OTW. As a matter of fact, the pertinence of the jump on the fields or on the flux depends on the orders of magnitude of the corresponding jump terms. We are currently working on this analysis in order to thoroughly analyze the conditions under which the discontinuity should apply over the fields, the fluxes or both.
